Mini Review Cardiovascular Development
Prospects for a Genetic Approach Mark C. Fishman, Didier Y.R. Stainier T his review concerns the potential of genetics to unravel cardiac development. From the geneticist's point of view, the goal is to understand the hierarchy of molecular decisions that go into forming the heart. This can proceed either by perturbing a known gene or by screening for abnormal cardiovascular phenotypes after exposing germ cells to mutagenic agents. The power of the latter approach is that it makes no presuppositions about the role of particular genes, ones that might be based, for example, on the fact that a gene is expressed in the heart. The major potential limitation of a screening approach is that it may not be possible to find cardiovascular mutations in significant numbers, because it is conceivable that many genes important to the development of this organ system also are crucial earlier in development, so that their mutations would be pleiotropic in effect. There are excellent reviews that cover cardiac embryology in detail'-4 as well as those that deal with related topics, such as control of myocyte differentiation,5 vertebrate patterning,6 mesoderm induction,7 and cardiac8 and vascular9 growth factors, subjects that are not elaborated here.
We know very little about developmental genetics of the cardiovasculature. A crucial first step is to define an organism amenable to such analysis. The two beststudied genetic systems are Caenorhabditis elegans (a nematode) and Drosophila melanogaster (the fruit fly), the former of which lacks a heart and the latter of which has a myogenic component of its dorsal vessel that does subserve a contractile function but lacks many important components of a vertebrate heart. In contrast to the vertebrate, the D melanogaster heart is in a dorsal position, and its circulation is open, bathing internal organs in hemolymph, suggesting that its cardiovasculature may not bear an evolutionarily ancestral relation to that of the vertebrate.
The Drosophila heart is of interest and relevance in that it is an embryologically early subdivision of the mesoderm,10 and genes critical for assembly of this germ layer in Drosophila have vertebrate homologues, so that it is reasonable to hypothesize that as for other mesodermal derivatives, fashioning of the vertebrate heart may be dependent on them. For example, the maternal Drosophila gene dorsal, a morphogen, regulates the zygotic genes twist and snail, both of which have verte-brate homologues expressed during gastrulation, and the former of which activates tinman, a gene needed for Drosophila heart formation." In mice, tinman-related genes have been identified,12'13 and the developmental expression profile of one13 has been shown to correspond to the region of precardiac mesoderm and adjacent endoderm and to the primitive heart tube. These are reasonable candidate genes for involvement in vertebrate heart formation.
Humans obviously are an inconvenient species for genetic studies. In fact, although most congenital cardiac diseases have a high sibling recurrence rate, only rarely does the inheritance pattern suggest a single-gene defect. There are several potential explanations for the rarity of simple mendelian inheritance of congenital heart defects, but the most likely is that cardiac disorders that affect assembly of the primitive heart tube are lethal, so that embryonic death occurs by 4 weeks of gestation. By this argument, it is only the less severe cardiac anomalies that are seen clinically. Intrauterine development renders any mammal less than ideal for study. The mouse is well suited for testing the role of any specific gene by knockout but not for screening. One important lesson from mouse gene knockout experiments is that the normal patterns of gene expression do not predict the phenotype of the mutant mice, many of which even appear normal. This has been ascribed to redundancy of gene function and may also reflect a lack of assay systems sensitive enough to detect subtle phenotypes and/or lack of environmental stressors that would elicit a phenotype. In any case, whether or not a gene is prominently expressed in the heart may be a poor predictor of Order extends over many cells in multicellular organisms, both at the level of the whole organism and at the level of its constitutive parts. Some of the means that regulate axial polarity and segmental patterning in Drosophila are likely to be applicable to vertebrates, at least in the mechanistic sense whereby a cell's fate is, in part, determined by its reading of positional information. Certain Drosophila genes establish axial polarity, one class determining the anterior-posterior axis and another determining the dorsal-ventral axis. These genes were discovered by dint of their phenotypes when mutated. For example, embryos lacking the anterior determinant, bicoid, lack anterior structures, and artificially increased dosages of bicoid causes expansion of the head and thorax.27 bicoid was the first proved morphogen, meaning a protein distributed in a gradient, the levels of which provide positional information.28 This morphogen gradient is functional within the syncytial Drosophila egg and is a product of the maternal genome. It is unclear whether morphogens function in vertebrates and across long distances and intact cells. The best evidence for a vertebrate morphogen is in the limb, where digit identity appears to be regulated by its distance from the region known as the zone of polarizing activity. The action of the zone of polarizing activity can be mimicked by retinoic acid, although retinoic acid acid also can delete, in a dose-dependent manner, anterior structures of the frog embryo, suggesting an interaction with axial determinants that function over longer distances. 30 One of the clearest types of patterning is segmentation, a property of both flies and vertebrates. Although vertebrate segmentation differs from the fly in several embryologic regards, both appear to depend on homeobox genes. This class of genes was first discovered through study of Drosophila mutants, because of the pronounced effects of their mutations on segment identity or body plan. In the mutant Antennapedia, for example, flies grow mesothoracic legs in place of antennas. These genes encode transcription factors and are conserved from fly to vertebrate in the region of the 60-amino-acid motif, referred to as the homeodomain, which contains a helix-turn-helix sequence-specific DNA binding activity. In the mouse and human, these genes are organized in clusters on four chromosomes. Each gene in a cluster is expressed along a limited region of the anteroposterior axis of the neurectoderm and axial mesoderm, and the order of the genes in the chromosomal cluster roughly corresponds to the anterior boundary of anatomic expression. 3 To sort out the cardiovascular lineages, it will be necessary to track decisions at the level of single cells been to use retroviral infection of precardiac mesoderm with 8l-galactosidase-expressing retroviruses, which integrate in the genome and hence identify progeny and also which reveal clones of related myocardial cells.62 In the zebrafish embryo, it is feasible to fill individual blastomeres with fluorescent dextran and continuously track the migratory paths and dispersion of progeny. This study51 has shown that a cardiogenic region can be defined even before gastrulation. Furthermore, even by the late blastula, different blastomeres are distinguished by having their progeny restricted to a single chamber.5' This suggests that the cardiogenic lineage is one of the first to be established and that different chambers may arise from different progenitors.
Does the Heart Have Polarity, and Is It 'Patterned'?
One feature that distinguishes the vertebrate heart from that of its nearest ancestors, the protochordates, is its functional polarity. The tunicate heart, for example, alternatively pumps blood in either direction, whereas the vertebrate heart has a single site of heart beat initiation, a conduction system for sequential chamber activation, and valves to guarantee unidirectionality of flow. There is also an intrinsic beat rate of cardiac muscle cells, with atrium faster than ventricle, which helps to prevent runaway pacemakers. During development, polarity is evident at stages as early as the precardiac mesoderm, at which stage more posterior tissue is destined to form atria and more anterior tissue is destined to form ventricle, and if explanted, preatrial tissue already beats more rapidly than does preventricular tissue.1 This beat rate gradient may be imposed from neighboring tissues, in that presumptive cardiogenic tissue transplanted to an ectopic site within the precardiac mesoderm adopts the beat rate of its new site, if the transplantation is performed at an early enough stage.63 It is possible that cardiac polarity begins to be established even before gastrulation. In the zebrafish, a cardiac progenitor cell region is demarcated by the midlate blastula. Retinoic acid applied transiently at the early gastrula stage of zebrafish causes deletions of the heart tube, progressing from outflow tract to venous inflow region as the concentration increases. 64 In terms of patterning, the heart is not segmented, but it does have borders between chambers. These can be discerned by the heart tube stage, even before morphological chamber distinction, because different myosin heavy chain isotypes already distinguish preatrium from preventricle.49,64 Shortly thereafter, cushions and then valves mark the borders. Work from Drosophila suggests that boundaries between cellular compartments may be of particular importance in providing frames of reference for organizing fields between the borders. Therefore, formation of an organ may require not only genes for determining the bulk of the tissue but additional ones for borders between zones. 65 For example, fashioning the wing of Drosophila depends critically on the wingless gene, which is used to demarcate the border between the ventral and dorsal compartments. In all vertebrates, the heart tube loops and twists to the right side of the embryo. Situs inversus causes randomization of this process such that half of the time the heart tube loops to the left. Since the left-right axis appears to be the last of the three to form and can be defined with respect to the anterior-posterior and dorsal-ventral axes, it has been suggested that right-left bias is imparted by an asymmetric molecule that is aligned by relation to the anterior-posterior and dorsal-ventral axes. Loss of this molecule could result in loss of bias, which would explain the randomization of asymmetry in situs inversus.67 Harder to account for by this theory is a recently described line of mice, all of which have reversed looping of the heart (and reversed sidedness of the viscera) due to insertion of a transgene. 68 The action of such biasing genes may occur early in embryogenesis. Focal injury of the ectoderm of a gastrulating frog causes subsequent situs inversus of organs, including the heart, the primordia of which contact the wounded ectoderm during their migration.69 What Regulates Cardiac Size?
Larger organisms have larger hearts, a property that appears to be partially intrinsic to the organ. For example, embryonic heart tissue from the large Amblystoma tigrinum forms a heart larger than that of the host when transplanted ectopically into an animal of the smaller species, Amblystoma punctatum. 70 We have begun to investigate the utility of the zebrafish, Brachydanio rerio, as a vertebrate genetic organism that may be particularly well suited to screening for mutations that perturb the developing cardiovasculature.51t64 The heart and vasculature of fish resemble those of humans in essential features through the primitive heart tube stage. (Subsequently, the fish retains a circulation with all cardiad output first traversing the gills and then going directly to the body, rather than generating a respiratory circuit.) The zebrafish is ideal for embryologic studies because fertilization is external, so that all developmental stages are readily accessible, and the embryo is transparent, so that individual cells of the heart and vasculature are visible microscopically.72 Its potential as a genetic organism was first grasped by Streisinger et al. 73 It is small and hardy, can be raised in large numbers, is amenable to chemical7475 and radiation76 mutagenesis and to transgenesis,7778 and can be grown as clonal lethal-free lines79 or, for short periods, even as haploid embryos generated by parthenogenetic activation of the egg.
Our studies of the zebrafish heart have revealed that the embryonic cardiogenic and vasculogenic regions are predictably located even before gastrulation.51 Analyses of inbred populations or of fish mutagenized by radiation and, in collaboration with Wolfgang Driever (Cardiovascular Research Center, Massachusetts General Hospital), by chemical mutagens reveal that single gene defects clearly affect cardiovascular morphogenesis. For example, we have isolated mutants lacking discrete parts of the heart, such as the valves or a single layer of the primitive heart tube, or of parts of the vasculature; we have found other mutations that result in physiological dysfunction and cause disruption of heart rate or contractility. The responsible genes remain to be identified, but these mutants already have revealed individual steps in the hierarchy that eventuates in the assembly of the cardiovasculature. The mapping and cloning of the mutant genes will be facilitated by the many strains available and their fecundity.
Summary
Genetics is a powerful tool, especially when used in combination with embryology, in the seeking of genes necessary for assembly of the cardiovasculature. The first questions must address the types of cellular decisions that are made during development. As for simpler systems in C elegans and D melanogaster, the lineage and cell-fate decisions of the cardiovascular progenitors need to be assessed. In addition it is likely that new paradigms will emerge for multicellular assembly. The study of cardiovascular mutations will define individual genetic steps that define organotypic decisions. A genetic approach is a natural extension of embryology, physiology, and anatomy, fields of great sophistication with regard to the cardiovasculature, because, like them, it focuses on integrative biology and on the intact the larger arteries that branch from the aorta. Ablation organism. The zebrafish is particularly well suited to a combination genetic-embryologic study of the fashioning of the cardiovasculature.
